Background
Introduction
Historically, traumatic cervical spine injuries were identified using radiographs. Assessment of radiographs was performed using defined radiographic landmarks such as the spinolaminar line, and bony relationships, such as the interspinous distance or atlanto-dental interval. However, recently, high resolution CT scan has become ubiquitous at most trauma centers. CT scan has slowly supplanted radi-ographs as the trauma screening modality of choice. In 2009, guidelines were published based on literature review advocating for CT scan as the primary radiologic screening modality in trauma patients. 1 The basis for this recommendation was the superior sensitivity of CT (90-100%) for detecting traumatic bony injury, making plain radiographs in this setting almost obsolete. [2] [3] [4] [5] [6] [7] Although CT is commonly used to identify fractures and to screen trauma patients, there is very little published data regarding normal subaxial spine relationships on CT. Normal bony relationships, such as interspinous distance, have not been well defined despite the superior resolution and lower susceptibility to magnification error. The purpose of this study was to describe normal anatomical features, including CT based landmarks, of the subaxial disks and facet joints of the cervical spine on CT scan in an asymptomatic population. This information may lead to the creation of sensitive screening parameters that could enable identification of subtle articular displacement and posterior ligamentous injury. Better understanding of normal anatomy should improve our ability to detect injury, particularly in those patients with more subtle characteristics of damage. 
Materials and Methods
Permission for evaluation of patient data was obtained through the Institutional Review Board. A database of 100 screening cervical spine CTs scans was available which had been collected for the purpose of multiple evaluations. This database was a random sample of studies collected on patients who presented to the emergency room of a level I trauma center and underwent screening CT. 9 All of these exams were determined to be free of acute cervical spine injury by the faculty radiologist, and had no clinical evidence of injury at discharge or short term follow up. For this study, the first 38 scans were evaluated. Eight patients were excluded. Reasons for exclusion included facial fracture, skull fracture, neurologic injury without evidence of cervical injury, and congenital abnormalities. Due to the precision of CT scan and the absence of information about the variability of measurement in the population, a sample size calculation was performed after a pilot analysis was performed. After identification of the standard deviation and mean measurements, a power calculation was performed after 10 CT scans were measured, showing that 30 CT scans would identify a 95% confidence interval for the coronal and sagittal facet measurements. Final power analysis confirmed an adequate sample size at the conclusion of the analysis.
All measurements were made using Microview 3D Image Viewer and Analysis Tool (Parallax innovations,http://microview.sourceforge.net) software.
Microview is an open source, advanced image viewer software. This software measures to the hundredth millimeter. Measurements were rounded to the nearest tenth of a millimeter and recorded. All images were reoriented using the software to take the most accurate measurement. Thus, the images were reoriented so that measurements were precisely perpendicular to the plane of the anatomy. Microview allows reformatting of coronal, axial and sagittal planes making this possible for every level and every joint. After the images were appropriately oriented, the actual distance was taken from cortical edge to cortical edge at each desired joint, disc or ratio. Images were magnified to facilitate accurate measurements. Cortical edge was chosen to be the point midway between whitest white and darkest dark on the images. This allowed for consistency between measurements. All measurements were done by the primary author.
Twenty-two measurements were made for each level of the subaxial cervical spine from C2/C3 to C6/C7. Nine coronal measurements were obtained including left and right uncovertebral joints (UVJ), left and right medial, lateral and mid facets, and mid disc height (DH). The eleven sagittal measurements obtained included interspinous distance (ISD), translation, left and right anterior, posterior and middle facet, and anterior, posterior and mid disc heights. Two additional ratios were obtained on the sagittal cuts to measure the amount of facet translation. This measurement was the ratio of covered to uncovered facet for the right and left facets at each level. Figure  1 and Figure 2 show how individual measurements were obtained.
For the coronal images, UVJ measurements were ob-tained at the inferolateral corner of the vertebral body perpendicular to the joint (Figure 1, a and c) . Disc height measurement was the height of the disc midway between the two UVJ measurements. In the coronal plane, three facet joint space measurements were obtained; lateral, mid-point, and medial ( Figure  2 , a, b and c). Mid facet joint space was obtained midway between the lateral and medial facet measurements which were measured at the most medial and most lateral edge of the joint perpendicular to the bone edges.
Posterior, mid-point, and anterior facet joint space measurements were obtained from the sagittal reconstructions (Figure 2 d, e and f ) using the most anterior and posterior edges of the facet and the point midway between the two for the middle facet measurement. Percent of facet overlap was also obtained on the sagittal view as the amount of superior and inferior facet which covered each other to the entire length from the most posterior aspect of the caudal facet to the most anterior aspect of the cranial facet ( Figure   2g ). Sagittal DH was obtained at the most anterior, mid-point, and posterior edges of the vertebral body, always perpendicular to the cortical edges (Figure 1 d, e, f ). Translation was measured at the anterior border of the vertebral bodies. A line parallel to the anterior cortical edge of the cranial and caudal vertebrae was drawn and the distance between these lines represented the anterior/posterior translation of the bodies to one another. The final sagittal measurement, ISD, was taken between the most posterior/ superior corners of the spinous processes ( Figure 1 All measurements were recorded in an excel spreadsheet. SPSS (IBM Analytics) for excel (Microsoft) software was used for statistical analysis. Population confidence intervals (as opposed to confidence intervals of the mean) were calculated for each measurement both for individual levels and as a group by identifying the values that were two standard deviations from the mean. A 95% CI was chosen so that there would be greater sensitivity to detect abnormal measurements. Left and right side measurements were compared and combined as there was no statistically significant difference between sides. This in effect doubled the sample size. In addition, analysis of variance between levels was done for each measurement.
Results
The mean age was 39 (SD 15). The population was 65% male. There were 7 patients over the age of 65. Lower and upper 95% confidence limits for the measurements are shown in Table 1 . For all facet measurements the upper limit of the confidence intervals was small. As expected, the upper limit of normal was also consistent between sides (p<0.05). Thus right and left side data were pooled for further analysis ( Figure 3 , Table 2 ). At all levels, the mean anterior (Mean 0.87, SD 0.03), posterior (Mean 0.68, SD 0.02), medial (Mean 0.58, SD 0.02), or lateral border (Mean 0.51, SD 0.02) facet height was less than 1mm. At all levels, the upper 95% CI for anterior (1.54mm), posterior (1.27mm), medial (1.11mm), or lateral (1.01mm) facet height was less than 2mm. Of the levels, C56 appeared to have the largest 95% upper CI (1.69 anterior, 1.35 posterior, 1.32 medial, 1.05 lateral). The midfacet measurements appeared to have higher variation than the anterior, posterior, medial, and lateral measurements (Midpoint facet mean 1.14, SD 0.04, upper 95% CI 2.09, Table 2 ). The upper 95% CI of uncovertebral average distance for all levels was 3.08mm (Table 2 , Mean 1.6, SD 0.06, greatest value 3.4mm at C23). However, there were significant differences between levels with C56 and C67 having the lowest upper CI limit (approximately 0.9, Table 2 ).
None of the remaining measurement had statistical differences between levels including interspinous and disc space distances. Relative to facet joint distances, there was wider variation and confidence intervals were greater. At the disc midpoint the upper limit for both the sagittal measurements did exceed 5mm (Mean 4.9, SD 0.09, 95% CI 6.9mm). For ISD the upper CI limit was 18.6 (Mean 14.3, SD 0.18) and for translation the upper limit was 2.04mm (Mean 0.39, SD 0.07).
Discussion
These results provide valuable reference data for interpreting CT scans of the subaxial spine. Overall, we found that bony landmarks similar to those traditionally used on radiographs could be reproduced on CT scan along with novel measurements that were previously impossible, such as uncovertebral joint height. The novel measurements of bone articulation were generally smaller and had lower confidence intervals compared to traditional radiographic measurements of midline structures (such as interspinous distance, interlaminar widening, disc space widening). We defined the upper limit of normal of facet joint height (1.54mm anterior, 1.27mm posterior, and 2.0mm midportion) to identify distractiveflexion injuries. We also defined normal vertebral translation (2.0mm) along a posterior vertebral body line in the true sagittal plane to identify translation/ rotation injuries. Based upon these findings, we conclude that facet measurements and translation may be better screening tools than traditional radiographic criteria based upon midline structures.
Previous screening criteria for injury in the subaxial spine are based on radiographic alignment of midline structures. 10 Concepts such as the spinolaminar line and posterior vertebral body line 11 were created to represent relationships between bones because it was impossible to precisely measure sub millimeter measurements on radiographs and compare between centers. Although these concepts were widely used, they are susceptible to magnification error and projection error. Additionally, the modality upon which they are commonly based (conventional radiography) is no longer widely used in trauma screening. With conventional radiography, it was not possible to precisely, reliably measure subtle relationships of articulating bones (such as facet joints or uncovertebral joints). The purpose of this study was to explore normal CT scans to identify bony relationships that may be useful as CT based injury screening parameters.
Currently, CT scan is used for identification of bony pathology and MRI is performed to identify discoligamentous complex injury. CT scan enables precise measurement of small distances in narrow anatomical regions. 9 The purpose of this investigation was to report the precise anatomical bony relationships of articulating structures in the subaxial spine based on CT scan. We hypothesize that these will be useful in identification of occult ligamentous complex injury in the cervical spine in the setting of trauma and therefore expedite patient care, although that will have to be subject to further clinical study.
The most common occult ligamentous injury in the absence of fracture in the subaxial spine is isolated posterior ligamentous complex injury and/or injury to the facet complex. Our measurements indicate that the articular facet height is highly conserved in the subaxial spine. The mid-facet height in the subaxial spine should be less than 2mm. The anterior and posterior facet height should be less that 1.5mm. Although facet joint distraction and diastasis is considered to be a sign of an Allen-Ferguson distractionflexion stage 2 injury, the normal facet joint height based upon CT scan has not been reported to our knowledge. Previous technology based on radiographs was too insensitive to identify these small measurements. Currently MRI is performed on patients to screen for occult distractive flexion injuries even in the presence of a grossly normal CT scan. However, MRI is expensive, time consuming, and technically cumbersome in unstable trauma patients. We expect that future studies may determine whether utilization of these bony, CT based criteria would obviate the need for MRI to screen for occult trauma in some cases.
Our results also indicate that vertebral body translation should be less than 2mm in the anteriorposterior direction of supine CT scan. In contrast, the previously reported guideline was less than 3.5mm of translation is physiologic based upon early biomechanical studies. Previous radiographic studies have referenced the posterior vertebral body and spinolaminar lines. We suspect that absence of translation of subaxial vertebral bodies would result in the linear orientation which would be visualized on radiographs. We believe that the CT based measurement technique is superior to conventional radiography because our normative value is an order of magnitude less than the current reference standard. Additionally, existing radiographic landmarks, such as the spinolaminar line, may be impractical on CT if the spinous processes and laminae in the same plane due to rotation of the head or neck. The translation upper limit of 2mm is also small and can be measured in either the anterior or posterior direction. In contrast, the upper limit of the interspinous distance was 18.6mm.
Although interspinous widening and disc height are considered to be important markers of posterior ligamentous injury, disc height and ISD are unlikely to be as useful as screening measurements because of wider variation in confidence intervals. We believe that the measurements of disc height and uncovertebral height may be susceptible to spondylosis. The upper limit of normal disc height was 5.2mm anteriorly, 7.15mm in the midpoint, and 3.81mm posteriorly. Not surprisingly, both the facet and the uncovertebral joint measurements were small. The facet joints were superior to uncovertebral joints as a measurement landmark because we did not identify as much variation between anatomical levels in the facet joint measurements as we observed in the uncovertebral joint measurements.
There are concerns or potential limitations in the methodology. While this software has been used for multiple published studies and has the ability to measure to the nearest one hundredth of a millimeter, the actual interrater and intra-rater reliability have never been tested. All measurements were made by the primary author who had extensive experience with this software. The apparent repeatability of the data measurements along with the narrow confidence intervals suggest very little variation in measurement. While the final sample size appeared small, confidence intervals were narrow, standard deviations low, and power analysis supported an adequate number of measurements. The sample population could generate selection bias as these subjects were all involved in some sort of trauma, but in turn likely represent valid normative data for trauma patients for which this study was intended. These patients were all radiographically and clinically normal with short term follow up. Although it would be interesting to validate these measurements as a screening tool in a population of patients with pathology, unfortunately, this population was derived from a normative database only. We do not have information on patients with pathology such as facet dislocation. Future studies will explore this topic. Extrapolating to the population at large may be a limitation. In particular, there may be some populations (e.g. adolescents, elderly patients) who have slightly different anatomical measurements. Nevertheless, the threshold values chosen in this study represent the 95% upper limit of normal. The main limitation is probably practical application. The software used for measurements enabled additional functionality such as reorientation of the planes of measurement and interactive zoom which may not be available on all commercially available software programs. While this provided accurate and reproducible data, this may limit the clinical applicability of this technique. In addition, though most clinicians are aware, it should be stated that these numbers will change with out of plane imaging. As always, diagnostic interpretation is more difficult and less accurate with suboptimal imaging. This supports quality assurance and performance improvement efforts to optimize the methodology of image acquisition and reconstruction. In addition, radiological evaluation software continues to improve every year with improving capacity to reorient reconstructive imaging in proper planes. With time, this will likely be standard, making these data even more valuable. Our data were also not normally distributed, but the confidence interval calculation (of mean plus or minus two standard deviations) assumes a normal distribution. However, this criticism applies to many of the statistical calculations (including mean and standard deviation). Ranges were also reported in the accompanying tables. Finally, these measurements represent bony displacement. It is possible that a patient could have an unstable injury but have very low bony displacement measurements due to positioning during the CT scan.
It is also important to interpret results in the context of overall clinical finding. There can be baseline degenerative, inflammatory, or congenital anomalies that are stable, chronic relationships, but contribute to alignment variability.
In summary, normal cervical spine quantitative relationships have been described. From these data, screening measurements to suggest potential abnormal alignment were identified. Facet and intervertebral translation measurements seem to have the most value in this regard with upper limits of 1.5mm and 2mm respectively. Disc height and interspinous distances are more variable and thus likely less sensitive, and demonstrated upper limits of 7mm and 18.6mm respectively. Future study to compare a cohort of subaxial cervical spine patients with traumatic injuries and in particular missed injuries would help validate the value of these data.
